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Objectives

« Ultimate objective: Transfer properties measured 1n the lab to
ballistic simulations that can predict ballistic tests results

 Milestones:

— Determine with laboratory experiments the strength of damaged
borosilicate and soda-lime at low and high confining pressures

— Find the Drucker-Prager constants, 3 and YO0, in an independent
way and compare them with the sleeve tests.

— Validate sleeve tests




 Two cycles in oven at 500 C and iced
water.

 Structural integrity
 Why damaged borosilicate?

— During ballistic penetration the
projectile 1s in direct contact with
damaged material.




Review: “Sleeve” test set-up
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Review: “Sleeve” test results
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= Review: “Sleeve” test results

e Assumed Drucker-Prager

Y=Y,+pBP
» Analysis of sleeve data
B=1.8

* Analysis of unconfined
data

Y, =43 MPa

Equivalent Stress (MPa)

Pressure (MPa)

Data from 13 different tests.
Each test can provide more than one point
because of load/reload cycles
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Setup of bomb test \

Load Cell .
Predamaged specimen

Plastic sleeve

\Alumina anvils /




OD=7.51n
ID=1.51n
Thick =2.51n
Length =23 in

\_
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Strain Gage
(hoop)

Sleeve Test

Confinement pressure changes during the test

The analysis is involved

An analytical model is needed to infer constants

Conceptually more involved but test relatively

straightforward in practice.

Z
—
P=o, —f@sl— P=c
—
- G,
Bomb Test

The confinement pressure is kept constant
during the test

Conceptually easy test, difficult in practice
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S

Bomb test technique

Oy c 1s the output given by
the load cell. Strain gages
on load cell are mounted to
directly give the equivalent
stress.

O, 1S negative in compression
(P 1s positive in compression)

A 1s the area reduction factor
between anvil and specimen:
A=A /A

anvil’ © *specimen

Py

P
| P
—— [
AG ¢ TP AG ¢

Axial stress on specimen:
c,=Ac,.—P

Hydrostatic Pressure 1n specimen:

—;—(GZ+2Gr)= —;—(cz—zP)

Equivalent stress of specimen:

o, = ‘O‘Z —0,|= ‘O‘Z —P= A‘O‘LC‘
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Expected “theoretical” results

Geq =

cFI' _GZ

Drucker-Prager: 'Y =Y, +P,

When yielding: o, =Y = csr—csz=Y0+BP=Y0+%(Gr+Ge+GZ)

q

Y, +2B+3

0
Yield_B | B—3 Pc

cSZ

3

Where PY. is the confinement pressure
(or fluid pressure)

Plastic

N

Elastic

Axial Stress (MPa)
=

Note: The plateau is NOT a cap. It is

“plastic” flow of the sample Axial Strain (%)




Axial Stress (MPa)

S

R Example of results (Borosilicate glass)\
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The residual strength 1s created by sliding
two faces with friction between them
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B Max. Equivalent Stress - Borosilicate glass
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R Max. Equivalent Stress - Borosilicate glass
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Max. Equivalent Stress (MPa)

R Comparison with sleeve data - Borosilicate glass
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The overlap between sleeve tests and bomb tests
gives increased confidence on the sleeve tests results




Drucker-Prager misses failure pattern

* A Drucker-Prager model 1s unable to predict a preferred failure angle, something
systematically seen in the bomb tests.

* The failure angle does not depend on the fluid pressure (55-65 degs)
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Based on maximum shear stress
Yielding if:
T=Ct+tUGC,
u 1s internal friction coeff.
C 1S cohesion

For a given stress state the
radius and center of the MC
circle are:

R =(0,-03)/2

C=(o,t0;)/2
Only two tests needed to find the
constants

R Mohr-Coulomb theory
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S. .
R Bomb tests — MC perspective

| luiiorr,
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Bomb — MC parameters
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Bomb Tests — LSDYNA simulations

R .
&4 with Mohr-Coulomb
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LS-DYNA Failure Patterns
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LS-DYNA Failure Patterns
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Sleeve tests from MC perspective
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Shear Stress

All the tests
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R Conclusions

Mohr-Coulomb captures very nicely both strength and failure
phenomenon for bomb tests.

MC also captures failure angle and strength 1n the sleeve tests.

The overlap between bomb and sleeve tests support the results of
the sleeve tests

MC i1s being implemented in CTH to reproduce penetration
experiments.
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